Because snowboarders are known to injure their ankles more often than Alpine skiers, it has been postulated that stiffer snowboard boots would provide better protection to the ankle than current soft boots do. Snowboarders are also known to injure their front ankle more often than their back ankle, presumably because of the asymmetrical rotations of the ankles due to asymmetrical binding adjustement. To test these hypotheses, we measured the kinematics of the feet and legs of 5 snowboarders wearing soft boots and stiffer step-in boots during snowboarding maneuvers using an electromagnetic motion tracking system. The results were expressed in anatomically relevant rotations of the ankle joint complex, namely dorsi-/plantar fl exion, eversion/inversion, and internal/external rotation. The measured ankle rotations show differences in the movement patterns of the front and back legs.
Between 1989 and 2001, the number of snowboarders in the United States more than tripled while the number of Alpine skiers decreased by almost one-third (National Sporting Goods Assocation, 2001), making snowboarding the world's fastest growing winter sport. The incidence of trauma from snowboarding is 2 to 6 for every 1,000 medical examinations, which is slightly higher than that in Alpine skiing (Bladin, Giddings, & Robinson, 1993; Ganong, Heneveld, Beranek, & Fry, 1992; Shealy, 1993; Shealy & Ettinger, 1996; Shealy & Sundman, 1989) .
With consideration to injury patterns, snowboarders are more prone to ankle injuries than Alpine skiers are (Bladin et al., 1993; Schaff & Hauser, 1993; Shealy, 1993) . Among snowboarders, the most common ankle injury is the strain of the anterior talofi bular ligament. Also, the fracture of the lateral process of the talus, rarely seen in other clinical settings and often misdiagnosed for an ankle sprain, is such a widespread ankle injury among snowboarders that it is often referred to as the "snowboarder's ankle" (Kirkpatrick, Hunter, Janes, Mastrangelo, & Nicholas, 1998) . The front lower extremity, located toward the nose of the snowboard, was found to be injured more often than the back lower extremity, located toward the tail of the snowboard (Bladin et al., 1993; Davidson & Laliotis, 1996; Kirkpatrick et al., 1998; Pino & Colville, 1989) . Also, the incidence of ankle injuries is higher for snowboarders with soft boots than for snowboarders with hard boots (Bladin et al., 1993; Ganong et al., 1992; Kirkpatrick et al., 1998; Pigozzi, Santori, Di Salvo, Parisi, & Di-Luigi, 1997; Pino & Colville, 1989; Shealy, 1993) .
This led some researchers to suggest two possible ways to reduce the risk of ankle injuries in snowboarding: (a) by using releasable bindings, similar to those used in Alpine skiing (Abu-Laban, 1991; Davidson & Laliotis, 1996; Ganong et al., 1992; Shealy & Sundman, 1989) , and (b) by increasing the rigidity or reducing the range of movement of soft boots (Davidson & Laliotis, 1996; Ganong et al., 1992; Pigozzi et al., 1997; Pino & Colville, 1989; Shealy, 1993; Shealy & Sundman, 1989) . Unlike ski bindings, the vast majority of current snowboard bindings do not automatically release. Despite the availability of hard boots, soft boots are still broadly used. Soft boots provide little protection to the ankle but allow a wide range of movement, as necessary to perform aerial maneuvers.
The purpose of the present study was to examine whether the kinematics of the ankle joint complex-defi ned as one single joint that is mechanically equivalent to the two joints (talocrural and subtalar) involved in the motion of the calcaneus with respect to the tibia/fi bula-during snowboarding maneuvers can explain the differences in ankle injury rate observed between the front and back ankles, as well as between snowboarders using soft boots and those using stiffer boots. More specifi cally, the study aimed at verifying the following hypotheses:
1. The front ankle joint complex undergoes different rotations than the back ankle joint complex during snowboarding maneuvers. 2. Stiff boots allow less rotation of the ankle joint complex than soft boots in snowboarding maneuvers. 3. Stiff boots protect the ankle better against injuries by limiting the rotations of the ankle joint complex that are responsible for ankle injuries.
Methodology
Five male volunteer snowboarders, ages 20 to 34 (weight 64-82 kg; height 170-188 cm), participated in the study. The inclusion criteria were (a) willingness to participate; (b) availability at the specifi ed dates and times; (c) expertise on a freeride or freestyle snowboard at an intermediate level or better, as evaluated by the participant; (d) shoe size male 9; and (e) agreement to sign the informed consent form. The only exclusion criterion was the occurrence of any past or present musculoskeletal injury to the lower limbs that could have an effect on normal movement in snowboarding. Each snowboarder was equipped with a Fastrak electromagnetic motion tracking system (Polhemus, Colchester, VT), including four 6-degree-of-freedom sensors.
The system was made portable using two 12-volt batteries and was connected to a portable computer. The portable, batteries, and electronic control unit were carried in an 11-kg backpack worn by the snowboarder (Figure 1 ). The sensors were glued to the skin of the snowboarder on the back of each heel and on the front of each tibia. To minimize distortions caused by skin movement, the sensors were located at sites associated with minimal underlying soft tissue, according to the procedure used by Woodburn et al. (Woodburn, Turner, Helliwell, & Barker, 1999) . A 3-cm diameter hole was drilled on the back of each snowboard boot to let the heel sensor stick out of the boot and move freely with the foot. The Fastrak source was mounted to the top of the snowboard, at mid-distance between the two bindings.
All measurements were done at the Bromont ski resort in Quebec between January and April 2002. Each snowboarder was asked to perform a total of 6 trials, which consisted of 3 trials with a snowboard equipped with soft boots and strap bindings (referred to as "soft") and 3 trials with stiffer step-in boots and bindings (referred to as "stiff"). Each trial consisted of snowboarding down a course of 10 turns on a beginner-level slope of groomed snow. Before each series of 3 trials, an anatomical calibration was performed to defi ne a joint coordinate system for each ankle, according to the defi nition proposed by Cappozzo et al. (Cappozzo, Della, Croce, & Lucchetti, 1997) . Briefl y, a right-handed joint coordinate system is defi ned, when the ankle is in the neutral position, with the origin at midpoint between the distal apexes of the lateral and medial malleoli, the x axis oriented toward the toes and the y axis toward the knee. During the trials, the motion tracking system recorded the position and orientation of each sensor relative to the snowboard at a rate of 30 Hz, with a precision of 0.8 mm and 0.15°.
The signals recorded during each trial were digitally fi ltered using a dual-pass, second-order Butterworth fi lter with a cutoff frequency calculated by the technique described by Winter (1990) . A metal compensation technique was developed to remove measurement errors due to the presence of metallic parts in the snowboard bindings, which may distort the electromagnetic fi eld generated by the Fastrak source. This metal compensation technique consists of defi ning a mathematical function based on 3-D geometrical kriging (Delorme, Petit, de Guise, et al., 2003) that fi ts a 3-D array of points measured in the presence of metallic parts onto those measured in the absence of metallic parts. This function is then applied to the data points measured during the trials.
The rotation of each ankle joint complex was computed from the sensor signals using the joint coordinate system. It was expressed as three successive cardanic angles in the following order: (a) dorsifl exion (positive), plantar fl exion (negative); (b) eversion (positive), inversion (negative); (c) internal rotation (positive), external rotation (negative).
The signals were decomposed into half-cycles of one heel-side turn (a turn on the heel-side edge of the snowboard) or one toe-side turn (a turn on the toeside edge of the snowboard). A turn was defi ned as starting when the dorsi/plantar fl exion signal crossed the mid-value between a consecutive minimum and maximum peak, and ending when the next turn started (Figure 2 ). For each turn we calculated a minimum, maximum, mean, and range value. The turns were pooled and separated into four categories: heel-turns with soft boots, heel-turns with stiff boots, toe-turns with soft boots, toe-turns with stiff boots. The data with soft and stiff boots were compared separately for each type of turn. Because of the small number of participants, a nonparametric test, the Mann-Whitney U-test, was used with the level of signifi cance set to 0.01, considering the relatively large number of tests performed. The experimental protocol was approved by the Human Research Ethics Committee of the University of Ottawa.
Results
A total a 105 heel-side turns and 109 toe-side turns were analyzed. Figure 2 shows a typical sample of the three rotation signals plotted against time for one snowboarder. Figure 3 presents the three rotations of the ankle joint complex for the front leg and the back leg, for heel-side turns and toe-side turns, averaged over the two types of equipment and all snowboarders. The most noticeable differences between the front and back legs are less dorsifl exion and more eversion on the front than on the back ankle joint complex. Table 1 presents the ankle joint complex rotation data associated with each type of snowboarding equipment. The differences between the two types of equipment were statistically signifi cant for the range of dorsi-/plantar fl exion; for the maximum and range of eversion/inversion on the front leg; for the mean, minimum, and maximum of internal/external rotation on the back leg; and for the minimum and range of internal/external rotation of the front leg.
Discussion
The purpose of this study was to help us better understand how equipment related factors, such as the asymmetry in binding orientation and the stiffness of snowboard boots, affect the kinematics of the ankle joint complex during snowboarding maneuvers, and whether these factors could possibly explain the higher injury rates observed on the front than on the back ankle, and with soft compared to stiff boots.
One major fi nding of this research is that the front and back ankle joint complexes were asymmetrically rotated. For instance, during both heel-side and toe-side turns, the front ankle joint complex was everted while the back ankle joint complex was inverted. These observations could be attributed to an effort of the snowboarders to center their weight over the front leg in order to achieve better control of the snowboard with the back leg. This hypothesis is consistent with Bally and Taverney's (1996) observation of a higher normal force under the front than under the back foot of snowboarders.
Dorsifl exion on the back ankle joint complex was also observed to be 10 to 12° higher than on the front ankle joint complex. Also, both feet were externally rotated, although the legs were rotated slightly more toward the nose of the snowboard during heel-side turns than during toe-side turns. Those two observations probably refl ect a tendency of the snowboarders to turn their trunk toward the nose of the snowboard during heel-side turns. During the toe-side turns, both ankle joint complexes dorsifl exed by 12 to 14° more than they did during the heel-side turns, as the snowboarders shifted their center of gravity past the toe-side edge of the snowboard. Whether the asymmetry in binding settings contributes signifi cantly to the asymmetry in ankle joint rotations cannot be concluded from the available results. On the contrary, one could speculate that the shift in binding settings toward the nose of the snowboard might have helped the snowboarder shift his trunk forward, thus reducing the asymmetrical rotation of his ankle joint complexes. Nevertheless, further research is needed in order to determine whether a personalized adjustment of binding orientation might reduce the risk of injury to the front ankle.
A second major fi nding is that the stiff boots and step-in bindings allow less rotation of the ankle joint complex than the soft boots and strap bindings. This difference is most apparent in dorsi-/plantar fl exion for which a smaller range of motion is observed with stiff step-in boots than with soft boots. Moreover, in toe-side turns, mean and maximum dorsifl exion on the front leg were also smaller with stiff boots. In other situations, no statistical difference between the two types of equipment was observed in mean, maximum, or minimum dorsi-/plantar fl exion values.
Equipment differences also manifest on the front leg in a lower range and maximum eversion allowed by the stiff boots than by the soft boots. The front leg is the one with the eversion/inversion values furthest from the neutral position (0° rotation). Close to the neutral position, the difference in stiffness between the two types of boots would not create rotation differences large enough to be detected with the present measuring equipment.
External rotation is represented by negative internal/external rotation values. Therefore, the minimum internal/external rotation values correspond to the maximum external rotation, and an increase in internal/external rotation values means a decrease in external rotation. The external rotation on the back leg with the soft Note: Last column gives p-value of Mann-Whitney U-test comparison between equipment Soft and Stiff. Statistically signif. differences in bold. DF = dorsifl exion; PF = plantar fl exion; EV= eversion; IV = inversion; IR = internal rotation; ER = external rotation. boots was shifted toward the neutral position with the stiff boots, as seen by an increase of mean, minimum, and maximum values, without any signifi cant change in range. On the front leg, the range of external rotation was reduced and the minimum internal/external rotation values were increased with stiff boots. These differences could mean that the step-in boots resist more than the soft boots to external rotation of the foot. The anterior talofi bular ligament, which is the most often strained ligament of the ankle, runs horizontally from the lateral malleolus to the head of the talus. Because of its anatomical confi guration, plantar fl exion, inversion, and internal rotation of the ankle joint complex will stretch this ligament and ultimately result in ligament strain injury. Very little movement of these types was observed in the present study. On the contrary, most of the time both feet were dorsifl exed, everted, and externally rotated. However, fractures of the lateral process of the talus have been shown to occur due to a combination of dorsifl esion and eversion (Funk, Srinivasan, & Crandall, 2003) . Therefore, the present data indicates that stiff boots might protect the ankle better than soft boots against fractures of the talus, but it is very diffi cult to assess whether they protect the anterior talofi bular ligament better against strain injury.
In conclusion, the present study indicates that during regular snowboarding maneuvers, the right and left ankle joint complexes are asymmetrically rotated, which confi rms our fi rst hypothesis. The statistical comparison between the two types of equipment showed that the ankle joint complex is less rotated (in dorsifl exion, eversion, and external rotation) with stiff boots and step-in bindings than with soft boots and strap bindings, confi rming the second hypothesis. The present data may indicate that stiff boots protect the ankle better against fractures of the talus than soft boots, explaining why more fractures of the talus were found in snowboarders wearing soft boots than in those wearing stiff boots (Kirkpatrick et al., 1998) , and partially confi rming the third hypothesis.
